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LEPTIN, A CYTOKINE THAT IS RELEASED predominantly from white adipose tissue, is hypothesized to function as a negative feedback signal in the regulation of energy balance (36) . It is well established that central or peripheral administration of leptin to normal-weight animals inhibits food intake and causes weight loss (13) . There are multiple isoforms of the leptin receptor (34) , but the isoform with a long intracellular domain (Lepr) has been associated with the impact of leptin on energy balance (5) . Activation of Lepr results in phosphorylation, dimerization, and translocation of the transcription factor signal transducer and activator of transcription 3 (STAT3) to the nucleus (1) , and this has been reported to be critical for leptin's effects on energy balance (3) . Lepr is expressed at low levels in most peripheral tissues and in multiple areas of the brain. There are higher levels of expression in hypothalamic nuclei and in the nucleus tractus solitarius (NTS) in the hindbrain (4, 31) .
A large number of studies examining the effects of leptin on energy balance have focused on the role of Lepr located in the hypothalamus, but there is increasing evidence that hindbrain Lepr also has the ability to modify food intake, body weight, and body temperature (12) . These receptors are located in sites that integrate signals related to long-term energy balance with vagal afferent gastrointestinal signals of satiety (24) and peripheral signals of energy status (29) . It appears that leptin enhances the inhibitory effect of some of these signals on food intake. In direct contrast to these studies, data from chronic decerebrate rats, in which a surgical transection is made to neurally isolate the caudal brainstem from the forebrain, indicate that loss of neural efferent information related to leptin activation of the forebrain not only prevents peripheral leptin from inducing weight loss but increases adiposity by suppressing energy expenditure (18) . These data suggest that selective activation of hindbrain Lepr produces a state of positive energy balance. The observations from the study with chronic decerebrate rats were subsequently confirmed when low doses of leptin infused into the fourth ventricle produced a small but significant increase in body fat and when fourth ventricle infusion of a leptin receptor antagonist caused a significant reduction in body fat (16) . Infusion of the antagonist did not modify the weight loss caused by peripheral leptin infusions, and therefore, the catabolic effect of blocking Lepr in the hindbrain was present only in baseline, nonstimulated conditions (16) .
When leptin is injected or infused into the third ventricle, it has the potential to diffuse through the ventricular system and activate hindbrain Lepr in addition to those in the hypothalamus that are the intended target of leptin administration. The objective of this study was to test whether inadvertent activation of hindbrain Lepr in rats receiving third ventricle infusions of leptin contributed to or blunted the catabolic action of leptin. This was achieved by blocking the aqueduct of the rats to prevent flow of cerebrospinal fluid (CSF) from the third to the fourth ventricle using a thermogelling nanoparticle suspension (hydrogel) that was liquid at room temperature but solid at body temperature (22, 25) .
METHODS
Male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) were housed with lights on for 12 h each day from 0700. Initially, they were individually housed in wire mesh cages. The animals had free access to chow (LabDiet 5012; PMI Nutrition International) and water throughout the study. Each rat had a Nylabone (Nylabone Products) in their cage for enrichment. All animal procedures were approved by the Institutional Animal Care Use Committee of Georgia Regents University. After 4 -7 days of adaptation to the environment, each rat was fitted with a third ventricle infusion cannula and an injection guide cannula in the aqueduct. Coordinates for cannula placement were on the midline of a level skull and Ϫ2.8 mm anteroposterior, Ϫ9.0 mm ventral to the bregma for the third ventricle and Ϫ8.0 mm anterioposterior, and 0.0 mm lateral and Ϫ5.0 ventral to the bregma for the aqueduct (28) . Five to seven days after surgery, the rats weighed ϳ310 g and were individually housed in an indirect calorimeter (TSE LabMaster, Metabolic Research Platform; TSE Systems International), with cage temperature maintained at 20 -21°C. Oxygen consumption, carbon dioxide production, and activity were measured on each cage once every 39 min. Each morning, the calorimeter was stopped at the end of a cycle of measurement between 7:15 and 7:30 AM. Food hoppers and water bottles were refilled and the rats weighed. Cage bedding was changed every 2nd day. The calorimeter was restarted at 8 AM.
After 1 day of acclimation, baseline energy expenditure, respiratory exchange ratio (RER), activity, and food intake were measured for 3 days. On the 4th day the rats were divided into two weight-matched groups, and a Model 1002 Alzet pump (Durect) was attached to the third ventricle infusion cannula to deliver PBS or 0.3 g leptin/24 h (rat recombinant leptin; R & D Systems) in a volume of 0.25 l/h. On the 4th day of infusion, rats in each treatment group were subdivided into two groups that received a 3-l injection of either saline or hydrogel (lot no. 256-3) into the aqueduct over a period of 3 min, using an infusion pump (PHD 2000 infusion pump; Harvard Apparatus). This resulted in four treatment groups: PBS-saline, PBS-hydrogel, leptin-saline, and leptinhydrogel. Hydrogel is a suspension of thermogelling nanoparticles that is liquid at room temperature but solid at body temperature (22) . It was provided as a generous gift by the late Dr. Zhibing Hu, Department of Physics, University of North Texas, Denton, TX. The suspension was autoclaved and held on ice before injection. The tubing connecting the Hamilton syringe to the injector was also surrounded by ice during the injection.
On the 7th day of infusion, food was removed from the cages at 7 AM, and rats were decapitated between 10 AM and 12 PM. Trunk blood was collected for measurement of serum leptin (rat leptin RIA kit; Millipore), insulin (rat insulin RIA kit; Millipore), and glucose (glucose assay kit; Sigma Chemical). Inguinal, epididymal, retroperitoneal, and mesenteric white fat depots and intrascapular brown fat (IBAT) were dissected and weighed. The liver was dissected and weighed. IBAT and a sample of inguinal fat were snap-frozen for determination of uncoupling protein 1 (UCP1) protein content by Western blot (rabbit polyclonal to UCP1, ab23841; Abcam), as described previously (17) . Tissue blocks of the hypothalamus or brainstem were collected, and phosphorylated STAT3 (p-STAT3), suppressor of cytokine signaling 3 (SOCS3), p-ERK1, and p-ERK2 were measured by Western blot, as described previously (6) . All primary antibodies were obtained from Cell Signaling Technology. All other tissues were added back to the carcass, which was analyzed for composition, as described previously (15) .
The study was completed using cohorts of rats because there were only 12 calorimetry cages. A total of 40 rats entered the study, one PBS-saline rat was excluded based on a failure to eat Ͼ5 g of food during the 72 h following the aqueduct injection. Data from four additional rats were excluded because food intake during the last 72 h of the study was greater than two standard deviations from the mean for their experimental group (1 PBS-saline, two leptin-saline, one leptin-hydrogel).
A second set of 16 rats (4 rats/group) was used to detect p-STAT3 in the hypothalamus and hindbrain by immunohistochemistry. The rats were cannulated and treated as described above, except that they were housed in hanging wire mesh cages for the duration of the experiment. There were four treatment groups: PBS-saline, PBShydrogel, leptin-saline, and leptin-hydrogel. On the last day of the study, the rats were anesthetized with ketamine-xylazine (90 mg/kg, 10 mg/kg). CSF was collected by puncturing the cistern magna with a 23G vein butterfly set, and leptin concentration was measured by ELISA (Leptin Quantikine ELISA kit; R & D Systems). The rats were transcardially perfused with 150 ml of ice-cold heparinized saline, followed by 250 ml of 4% paraformaldehyde and then 100 ml of heparinized saline. The brain was removed and held in 4% paraformaldehyde at 4°C overnight before being transferred to 25% sucrose and 1% sodium azide solution and held at 4°C until sectioned. Thirty-micrometer sections were made through hypothalamic and hindbrain tissue, and every fourth section was used for p-STAT3 immunostaining of free-floating sections, as described previously (14) . The specificity of the antibody was confirmed by running three sets of sections without primary antibody. None of these sections stained positive for p-STAT3 (data not shown). Images were taken using an Olympus BX51 microscope. (23) and in mice injected with 5 mg leptin/kg ip. (8) . The difference in p-STAT3 distribution may be due to the method of leptin administration (acute peripheral injection vs. chronic central infusion) or the amount of leptin delivered.
Hydrogel placement. The volume of hydrogel needed to effectively block the aqueduct was tested in rats fitted with aqueduct guide cannulae. One week after surgery, the rats were anesthetized with ketamine-xylazine and injected with 2-8 l of hydrogel. Thirty minutes later, 3 l of india ink was injected into the third ventricle, using the coordinates described above for placement of third ventricle infusion cannula. Ten minutes after the ink injection, the rat was decapitated, the brain was removed under a stream of warm air to ensure that the hydrogel remained solid, and the brain was cut along the midline to determine the location of the ink. Three microliters of hydrogel was the minimal volume needed to prevent leakage of ink from the third ventricle into the cerebral aqueduct and the fourth ventricle, as shown in Fig. 1 . Data analysis. Statistically significant differences between treatment groups were determined using Statistica software version 9.0 (StatSoft, Tulsa, OK). Differences were considered significant at P Ͻ 0.05. Daily measurements of food intake, body weight, energy expenditure, RER, and activity were compared by repeated-measures analysis of variance. Single end point measurements and measurements at a specific time point were compared by two-way ANOVA, with third ventricle infusion and aqueduct injection as the dependent variables. Repeated-measures analysis was used to compare the same animals at different time points during the experiment. Post hoc differences were determined using Duncan's multiple range test.
RESULTS
There were no differences in food intake of the different groups of rats during the baseline period (Fig. 2) . There was no effect of PBS infusion on food intake during the first 3 days of third ventricle infusion, but injection of hydrogel into the aqueduct caused a transient 48-h inhibition of food intake in PBS infused rats (Fig. 2) . Third ventricle infusion of 0.3 g leptin/24 h caused a progressive decline in food intake of all of the rats during the first 3 days of infusion (Fig. 2) . During the last 3 days of the experiment, the intake of leptin-saline rats showed a trend (P Ͻ 0.06) to increase compared with the first 3 days of leptin infusion (Fig. 2) . Leptin-hydrogel rats ate less than leptin-saline rats on each of the last 3 days of the study [P (F): leptin P Ͻ 0.0001 (52), hydrogel P Ͻ 0.01 (7), day P Ͻ 0.0001 (7), leptin ϫ day P Ͻ 0.001 (4), hydrogel ϫ day P Ͻ 0.001 (4); Fig. 2 ].
Rats receiving third ventricle infusions of PBS neither gained nor lost weight (Fig. 2 ). By contrast, there was continuous and significant weight loss in all rats that received leptin infusions (Fig. 2) . Injection of hydrogel caused weight loss in all rats compared with their respective controls. For the PBSinfused animals, a 10-g weight loss on the day after hydrogel injection was recovered by the end of the experiment. Hydrogel exaggerated the rate of weight loss in leptin-infused rats such that weight loss in leptin-hydrogel rats was significantly greater than that of leptin-saline rats on all 3 days following hydrogel injection (Fig. 2) [P (F): leptin P Ͻ 0.001 (19), hydrogel not significant (NS), day P Ͻ 0.0001 (22) , leptin ϫ day P Ͻ 0.0001 (26) , hydrogel ϫ day P Ͻ 0.0001 (6)].
RER is an indirect measurement of the type of nutrient being oxidized for energy and followed changes in food intake. RER during the light phase was inhibited by leptin infusion and changed with time over the experiment, but there was no independent effect of hydrogel injection [P (F): leptin P Ͻ 0.0005 (15) , hydrogel NS, day P Ͻ 0.0001 (13) , leptin ϫ day P Ͻ 0.0001 (9) ]. Similar effects were found during the dark phase, when there also was an interaction between hydrogel injection and time [P (F): leptin P Ͻ 0.001 (13) , hydrogel NS, day P Ͻ 0.0001 (5), leptin ϫ day P Ͻ 0.0005 (4), hydrogel ϫ day P Ͻ 0.05 (2)]. Post hoc analysis showed that although RER was lower in leptin-infused than in PBS-infused rats both before and after hydrogel injection (Table 1) , there was no difference between saline-injected and hydrogel-injected rats within either the PBS-or leptin-treated groups. Total daily energy expenditure (Table 1) was not different between groups during the baseline period, and there was no consistent effect of third ventricle leptin infusion. Blocking the aqueduct with hydrogel inhibited energy expenditure in both PBS-and leptininfused rats compared with their expenditure before hydrogel injection. However, there were no significant differences in expenditure of PBS-hydrogel rats compared with PBS-saline rats or between leptin-hydrogel rats and leptin-saline rats. Expenditure of leptin-saline rats was higher than that of PBShydrogel rats on day 6. [P (F): leptin P Ͻ 0.01 (7), hydrogel NS, day P Ͻ 0.0001 (5), leptin ϫ day P Ͻ 0.02 (2), hydrogel ϫ day P Ͻ 0.05 (2)]. There were no differences in total daily activity or in activity during the light or dark phase (data not shown) at any time during the experiment. Despite the similarities in energy expenditure, IBAT UCP1 protein measured at the end of the experiment was significantly increased in leptininfused rats, but there was no effect of hydrogel injection (Fig.  3) . Inguinal UCP1 protein showed the opposite response and was significantly inhibited in leptin-infused rats compared with those that received third ventricle infusions of PBS (Fig. 3) .
At the end of the experiment the leptin-infused rats weighed significantly less than those infused with PBS ( Table 2) . The difference in weight was associated with a 68% reduction in carcass fat and an 11% loss of protein ( Table 2 ). The reduction in carcass fat was reflected in all of the fat depots that were weighed. Infusion of leptin reduced liver weight, with the biggest effect in the leptin-hydrogel rats (Table 2) . Serum glucose and insulin were reduced in all rats that received third ventricle infusions of leptin, but there was no additional effect of hydrogel placement (Fig. 4 ). There were no significant effects of leptin infusion or hydrogel injection on serum leptin concentrations (Fig. 4 ). There were no significant differences in CSF leptin concentrations measured before perfusion of the second set of rats (data not shown).
There were no differences in the levels of SOCS3 expression or in ERK1 or ERK2 activation in either the hypothalamus or hindbrain of the rats (data not shown). Phosphorylated STAT3 was increased in hypothalamic tissue of leptin-infused rats, with no additional effect of blocking the aqueduct with hydrogel (leptin P Ͻ 0.003, hydrogel NS, leptin ϫ hydrogel NS; Fig. 3 ). Third ventricle leptin infusion produced an overall increase in hindbrain pSTAT3 (leptin P Ͻ 0.01, hydrogel P Ͻ 0.006, leptin ϫ hydrogel NS), but this did not reach significance for saline-injected leptin-infused rats compared with saline-injected PBS-infused rats (P Ͻ 0.07). Blockade of the aqueduct with hydrogel also increased hindbrain p-STAT3, although this did not reach significance (P Ͻ 0.06) for the PBS-infused animals (Fig. 3) . Immunohistochemistry indicated that the increase in p-STAT3 activation in the hypothalamus was essentially limited to the VMHDM (Fig. 5) . There was no effect of leptin infusion on p-STAT3 in the ARC, and there was no effect of blocking of the aqueduct on p-STAT3 in either the VMHDM or ARC. In the hindbrain there was an interaction between leptin infusion and hydrogel injection on p-STAT3 levels in the medial NTS (leptin NS, hydrogel P Ͻ 0.05, leptin ϫ hydrogel P Ͻ 0.002). The difference between PBS-saline and leptin-saline rats did not reach significance (P Ͻ 0.06), but p-STAT3 was lower in leptin-hydrogel rats than in leptinsaline rats. Blockade of the aqueduct with hydrogel increased p-STAT3 in the AP of PBS-infused rats but not those infused with leptin (Fig. 6 ). Casual observation indicated that injection of hydrogel into the aqueduct caused an increase in p-STAT3 in the hindbrain in areas that are not associated with high levels of Lepr expression. This was especially obvious on the floor of the fourth ventricle (Fig. 7) and may have contributed to the increase in hindbrain p-STAT3 that was detected by Western blot.
DISCUSSION
The objective of this experiment was to determine whether activation of hindbrain Lepr contributed to or attenuated the catabolic effect of third ventricle infusions of leptin. It is important to note that this experiment utilized an experimental model to test a concept. Assuming that leptin is transported into the brain from the periphery, it is most unlikely that under normal circumstances leptin concentrations would be elevated in the forebrain without a simultaneous elevation in the periphery and hindbrain. The results suggest that leptin that drains into the fourth ventricle attenuates the response to activation of Lepr in the vicinity of the third ventricle because inhibition of food intake and weight loss were exaggerated in leptin-infused rats that had the cerebral aqueduct blocked with hydrogel. Immunohistochemistry showed a trend for an increase in p-STAT3, a marker of Lepr activation, in the medial NTS of leptin-infused rats and that this activation was reversed when the aqueduct was blocked. These observations suggest that prevention of a simultaneous stimulation of hindbrain Lepr by exogenous leptin exaggerated weight loss in rats receiving third ventricle infusions of leptin. It is possible that some of the exaggeration in weight loss of leptin-hydrogel rats was simply the result of a reduction in gut fill due to the suppression of food intake. Gut content represents ϳ5% of body weight in a rat (19) and varies in direct proportion to daily food intake (20) . Because rats eat a majority of their food at night and the animals in this study were weighed at the start of the light period, a suppression of food intake Data are means Ϯ SE for groups of 7-9 rats. RER, respiratory exchange ratio. Values that do not share a common superscripted letter are significantly different at P Ͻ 0.05. *Significant difference for a specific group between baseline and infusion periods; #significant difference for a specific group before and after placement of hydrogel.
would result in a measureable change in gut fill and thus in body weight. A reduced food intake does not, however, account for all of the weight loss observed after hydrogel placement, because food intake of the leptin-infused rats gradually increased, but body weight continued to decline. This suggests that there would have been a significant difference in body composition of hydrogel and salineinjected rats if the experiment had continued for more than 3 days after the aqueduct was blocked.
Blocking diffusion of CSF from the third to the fourth ventricle of the rats potentially increases fluid accumulation in the forebrain and reduces the volume of CSF in the fourth ventricle. This in turn may modify function of the hindbrain if the washout of metabolites and the delivery of hormones are diminished. The increased expression of p-STAT3 on the floor of the fourth ventricle may have been indicative of inflammation as a secondary response to reduced fluid flow through the hindbrain. Inflammatory cytokines signal through pathways that include STAT3 (7) . Therefore, the presence of proinflammatory cytokines could have increased p-STAT3 in the hindbrain tissue, whereas all of the localized activation of STAT3 in the hypothalamus could be attributed to the presence of Lepr. PBS-hydrogel rats acted as controls for the independent effect of hydrogel on behavior and energy balance of the rats. It is clear from the 2-day inhibition of food intake and 1-day inhibition of weight gain in these animals that placement of hydrogel was initially stressful and disrupted homeostasis. By the 3rd day of the experiment the PBShydrogel rats were not different from the PBS-saline rats, and for this reason we focused on the last day of each experimental period when testing for the specific effects of leptin in hydrogel-injected animals.
The results suggest that activation of hindbrain Lepr by leptin that drains from the third ventricle blunts the catabolic response mediated by forebrain Lepr. These data are consistent with the conclusions reached in a study in which body fat mass was increased in chronic decerebrate (CD) rats that received peripheral infusions of leptin (18) . Decerebration involves a surgical transection to neurally isolate the caudal brainstem from the forebrain and has been used to demonstrate that many feeding and energetic responses in rats are intact in the absence of neural input from the forebrain (10, 11) . The increase in adiposity of CD rats receiving peripheral infusions of leptin (18) suggested that activation of Lepr outside of the forebrain produced an anabolic response in the absence of neural feedback from the forebrain. Subsequently, we demonstrated that infusions of low doses of leptin into the fourth ventricle produced a small but significant increase in body fat (16) , indicating that hindbrain, rather than peripheral Lepr, was responsible for the increase in body fat. The results from the CD rat study cannot be compared directly with the experiment described here because the CD rats received peripheral infusions of leptin, whereas this study examined the effect of central leptin infusion. The outcome of the CD study may, however, give some indication of the potential mechanism of communication between the forebrain and hindbrain that is required for an integrated response to central leptin in a normal animal. The increase in body fat of CD rats in the absence of direct neural connections between the forebrain and hindbrain implies that the opposing effects of forebrain and hindbrain leptin are not due to a direct neural or humoral inhibition of forebrain areas by the hindbrain. It is possible that hindbrain Lepr induces a change in peripheral metabolism that leads to increased fat deposition and that leptin-responsive neurons in the forebrain normally inhibit these hindbrain efferents. Alternatively, leptin-responsive forebrain and hindbrain neurons may project to a common area, and the change in body fat results from an integration of information at this site. Although the forebrain and hindbrain of decerebrate rats are neurally isolated, humoral communication between the two compartments of the brain is unchanged. Therefore, it is also possible that unidentified soluble factors were induced in the leptintreated CD rats and that these were responsible for the increase in their body fat mass. One possible candidate is a change in the hypothalamic-pituitary-adrenal axis, but this axis did not account for the increased adiposity produced by leptin infusion because there was no effect of leptin on concentrations of corticosterone, adrenal weight, or adrenal norepinephrine content in the CD rats (18) .
A number of studies in the literature suggest that hindbrain leptin receptors are essential for the normal regulation of body weight and that these receptors have an inhibitory effect on weight gain rather than the anabolic response indicated by the results of this experiment. Injection of leptin into the fourth ventricle (33) or the NTS (30) specifically suppresses food intake and inhibits weight gain. There are several possible reasons for the difference in results, including the method and dose of leptin administration. The amount of leptin required for a bolus fourth ventricle injection to suppress food intake ranged from 3 to 10 g (24, 30, 33 ). These doses would have caused a much greater increase in CSF leptin than the nonsignificant doubling found in this study and may have activated different populations of receptors, including those in hypothalamic tissue. Ruiter et al. (30) have shown that injection of 3 g of leptin into the fourth ventricle or 50 nmol directly into the NTS leads to a doubling of p-STAT3 in the arcuate, lateral, and ventromedial nuclei of the hypothalamus. This is a more widely distributed activation of p-STAT3 than we found with a continuous infusion of 0.3 g leptin/24 h directly into the third ventricle.
Hayes et al. (21) downregulated hindbrain Lepr using AAVshRNAi and reported hyperphagia and increased weight gain when the rats were fed a high-fat diet. During the first 10 days of the study, when the rats were fed chow, knockdown of hindbrain Lepr caused significant weight loss compared with control rats. These data are consistent with the notion that hindbrain Lepr attenuates the catabolic effect of forebrain leptin, at least for a short period of time. In a study of mice, Scott et al. (32) knocked down Lepr in hindbrain cells that expressed glucagon-like peptide-1 (GLP-1). These mice showed a small increase in weight gain, but at 28 wk of age there were no significant differences in body weight, fat content, or lean mass of the knockdown mice compared with controls, implying no major influence of hindbrain Lepr on body composition. These two studies are not directly comparable with the experiment described here because in both situations the number of hindbrain Lepr was reduced, and leptin was not administered either centrally or peripherally. By contrast, the hyrodgel injections in the study described here did not change Lepr number or hindbrain leptin signaling caused by endogenous leptin; it simply prevented exogenous leptin applied to the third ventricle from reaching the fourth ventricle. In addition, it may not be appropriate to compare mice with rats because Huo et al. (23) reported that leptin activated GLP-1-expressing cells in the NTS of mice, but not rats, and that there is a very different distribution of GLP-1 neurons in the two rodent species.
An alternative interpretation of data from this study is that blockade of the aqueduct increased activity of hypothalamic pathways that downregulate food intake and body weight. One obvious possibility is that accumulation of leptin in the third ventricle exaggerated the leptin response. This is unlikely, because we reported previously that 0.3 g leptin/24 h produces a maximal inhibition of food intake and weight loss in rats (16) . There was no difference between rats that received 0.3 g leptin/24 h and those that received 0.9 g leptin/24 h, and 0.9 g is the total amount of leptin that could have accumulated in the third ventricle during the 3 days following hydrogel injection in this study. Another possibility is that accumulation of leptin infused into the third ventricle led to a downregulation of hypothalamic Lepr that increased the sensitivity of hindbrain Lepr to endogenous leptin and led to an inhibition of food intake and weight gain. Measurement of p-STAT3 by Western blot and immunohistochemistry as a marker of Lepr activation showed no change in p-STAT3 between leptin-saline and leptinhydrogel rats, making it unlikely that hypothalamic Lepr was downregulated following hydrogel injection. Finally, because the PBS-infused rats did not show sustained weight loss after hydro- gel injection, it could be argued that the exaggerated weight loss in leptin-hydrogel rats was a specific response to a change in leptin distribution rather than a nonspecific effect of the aqueduct being blocked.
Leptin-infused rats lost weight throughout the study, but energy expenditure was the same as that of PBS-infused controls. Normally, food-restricted rats in a state of negative energy balance conserve energy by reducing basal metabolic rate. The results of this experiment confirm previous observations that leptin maintains energy expenditure even when rats are hypophagic and losing weight (35) . Leptin infusion stimulated IBAT UCP1 protein expression, which may be used as an index of brown fat nonshivering thermogenesis (27) . Because blockade of the aqueduct did not prevent the increase in UCP1 protein and did not reduce energy expenditure, it appears that Lepr in the forebrain is primarily responsible for the increase in sympathetic outflow to brown adipose tissue and maintaining expenditure. Although energy expenditure was maintained, RER was reduced in leptin-infused rats, indicating that they were using more fat and protein as energy substrate than the PBS-infused controls that ate more of the highcarbohydrate chow diet.
Immunohistochemistry indicated that infusion of 0.3 g leptin/24 h produced a limited distribution of Lepr activation. In the hypothalamus, the arcuate nucleus and VMHDM were the only areas that showed significant levels of p-STAT3 at the end of the study. This contrasts with the activation of multiple hypothalamic nuclei that has been reported for rats and mice treated with higher doses of leptin in single peripheral (9) or central injections (30) . The difference may be due to the difference in dose of leptin used or because of the time interval between the start of leptin administration and detection of p-STAT3. We examined brains after 7 days of leptin infusion, when food intake of the leptin-treated rats was stabilized, and it is possible that additional sites of Lepr activation would have been detected if immunohistochemistry had been performed after only 1 or 2 days of leptin infusion. The arcuate nucleus showed significant levels of p-STAT3 in all rats, but leptin infusion did not increase this activation, and the VMHDM was the only hypothalamic site that responded to leptin infusion with an increase in p-STAT3. Neurons from the VMHDM project to various areas of the hindbrain, including the NTS (26), where they make contact with catecholaminergic neurons. The VMH has also been associated with control of blood glucose (2), consistent with the relative hypoglycemia of the leptin-infused rats. It is possible that p-STAT3 is not a good marker of Lepr activation; however, Bates et al. (3) reported that activation of the JAK-STAT3 pathway is essential for the energy balance effects of leptin, which were of primary interest in this experiment.
In summary, data from the study described here support previous observations that activation of Lepr in the vicinity of the fourth ventricle has the potential to attenuate the catabolic activity of leptin. This response is found with low-dose infusions of leptin, and it is possible that administration of higher doses would activate additional populations of Lepr and have a catabolic effect. Inhibition of food intake and body weight was exaggerated in rats in which leptin was infused into the third ventricle and was prevented from draining into the fourth ventricle. The increased weight loss was unlikely due to the accumulation of leptin in the third ventricle, as the dose of leptin used here was previously found to produce a maximal effect on food intake and body fat content of the rats (16) . The response also was specific to leptin-infused rats because blockade of the aqueduct in control PBS-infused rats did not cause sustained weight loss. Further studies are needed to elucidate the pathways through which leptin activity in the forebrain and hindbrain is integrated.
